1. Introduction {#s0005}
===============

Reliable documentations of high-frequency climate behavior, such as fluctuations in temperature or rainfall, reach back several hundred years only ([@bb0060; @bb0550]). This is clearly too short to allow convincing interpretations of the natural variations of climatic systems. Thus, high-resolution archives from the geological record may serve as additional sources of information. Especially in Holocene records, resolutions on decadal scales are abundant. Many of these suggest repetitive climate shifts strikingly similar to known variances of solar activity (e.g. [@bb0405; @bb0485; @bb0550; @bb0145]). Typically, the 11-year Schwabe-cycle, the 22-year Hale-cycle, the 50--80-year lower Gleissberg cycle, the 90--120-year upper Gleissberg cycle, the \~ 210-year Suess/deVries cycle, and the 2200--2300-year Hallstatt cycle -- along with the unnamed 500- and 1000-year cycles -- are thought to have influenced the Holocene climate records (see [@bb0255] for extensive discussion and references). Next to the famous radioactive isotope records of the Arctic and Antarctic ice cores ([@bb0500; @bb0505]; [@bb0020; @bb9005]; [@bb0085]; [@bb0485]), terrestrial and marine records document the presence of the influence of solar cycles around the globe. An early key discipline to discuss such external forcing was dendrochronology, where measurements of ^14^C radioactive isotopes and the thickness of the tree rings mirror significant solar-related periodicities ([@bb0445; @bb0450; @bb0385; @bb0430; @bb0435]). Nevertheless, non-laminated lacustrine and marine sequences also revealed repetitive signals with comparable frequencies. This includes studies on isotopes (e.g. [@bb0055; @bb0515]), pollen ([@bb0110]), nannoplankton ([@bb9000]) and multi-proxy-data sets ([@bb0140]). Still, aside from the better understood 11-year sunspot-cycle and the 22-year Hale-cycle, the origin of other cyclic variations in the sun\'s emitted energy remains unsolved ([@bb0550]). The sun\'s spin rate and rotation as well as the strength of solar winds are being discussed as explanations for longer-term variations, but the studies are inconclusive ([@bb0530]). Nevertheless, all of the proposed longer solar cycles have been documented globally from various geochemical and sedimentological archives ([@bb0490; @bb0430]). The expression and modulation of these cycles vary strongly in their local imprint ([@bb0215; @bb0220]) and different responses on both hemispheres to the same cycle have also been noted ([@bb0310; @bb0070]). This documents that the detection of the signals in the geochemical and sedimentological archives is comparatively easy while their explanation is not.

Comparable studies for the Miocene are scarce. Whereas the overall Neogene climatic history is well studied (e.g. [@bb0535; @bb0540; @bb0575]), small-scale shifts and short periods encompassing few thousands of years are usually unresolved. Recently, however, several high-resolution studies were conducted on Late Miocene sediments of Lake Pannon ([@bb0195; @bb0170; @bb0400; @bb0255; @bb0260]). All detected high-frequency fluctuations of the paleo-environment of that lake on a decadal scale. By using longer records, [@bb0170] and [@bb0255] documented various repetitive patterns, which were linked to known periods of solar cycles. In addition, [@bb0255] showed how different proxies, such as magnetic susceptibility, natural gamma radiation and total abundance of ostracods, reflect the various cyclicities in individual intensities ([Fig. 1](#f0005){ref-type="fig"}). Periodicities of 50--80 (lower Gleissberg), 90--120 (upper Gleissberg), \~ 208 (deVries/Suess), 500, 1000, 1500 and 2300 years were described. All represent well-known solar cycles, except the 1500-year periodicity. Although the latter is well known from the Holocene, it seems to be de-coupled from solar forcing and is therefore labeled as an "Earth-system-immanent-cycle" ([@bb0015; @bb0090; @bb0095]). Importantly, the impact of this cycle on the sedimentation in the ancient Lake Pannon was one of the most prominent ([@bb0255], [Fig. 1](#f0005){ref-type="fig"}). No causal link between these observed changes in environmental conditions, as expressed by the proxy data and the suggested solar forcing, has been forwarded. To better elucidate the interaction between the environment, the climate and the presumed solar cycles, we conducted a further study based on the data presented in [@bb0255] and new data on pollen, dinoflagellates, molluscs, total carbon (TC), total organic carbon (TOC), and total sulfur (TS).

These proxy-data provide information on the vegetation surrounding the lake (pollen), climate (pollen), surface water productivity (dinoflagellates), lake bottom conditions and on the overall sediment input (ostracods, molluscs, magnetic susceptibility, natural gamma radiation, TC, TOC, TS).

2. Geological setting {#s0010}
=====================

The Late Miocene to Pliocene Lake Pannon covered the Pannonian Basin complex in central and south-eastern Europe ([Fig. 2](#f0010){ref-type="fig"}). It formed at c. 11.6 Ma when the marine Paratethys Sea retreated to the east. The remaining lake was a brackish and slightly alkaline lacustrine system ([@bb0335; @bb0190; @bb0420; @bb0185]). During the herein discussed phase at c. 10.5--10.4 Ma, Lake Pannon experienced its maximum extension ([Fig. 2](#f0010){ref-type="fig"}d) and deep basins with dysoxic conditions were established. At that time, pelitic sediments of the Bzenec Formation were deposited in the entire Vienna Basin ([@bb0190]).

The studied core was taken at the clay pit Hennersdorf ([Fig. 2](#f0010){ref-type="fig"}c) app. 10 km south of the center of Vienna in the Vienna Basin (N48°05′52.6″, E016°21′15.8″, 186 masl). There, more than 20 m of dark-gray to greenish clay and silt of the Bzenec Formation crop out. Its mollusc fauna indicates the regional middle Pannonian stage, corresponding to the middle Tortonian ([@bb0335]), a dating further supported by magnetostratigraphy (chron C5n, [@bb0335]). The succession can be correlated with astronomically tuned well-logs in the Vienna Basin, suggesting an absolute age of c. 10.5--10.4 Ma ([@bb0190; @bb0320]). A first study by [@bb0255] was conducted on a continuous 6-m-long core with homogeneous sediment. Occasionally, scattered plant debris and autochthonous mollusc coquinas were present, whereas bioturbation was exceptionally rare. [@bb0255] documented a rather constant sedimentation rate ranging around 0.73 mm/year for this part of the drilling. This corresponds to a hypothetical time resolution of 13.7 years/cm, which represents the applied sample density. More detailed information on the lithology, paleontology and biostratigraphy of the Hennersdorf section has been published by [@bb0180], [@bb0195] and [@bb0255].

3. Methods {#s0015}
==========

In November 2009, several consecutive cores with a diameter of 15 cm were drilled, reaching a depth of 15.4 m. The lowermost part was taken without core-break and is the most uniform part with respect to lithology. Therefore, further analyses concentrated on this deepest segment (see [@bb0255] for details and sampling protocol). After cutting the core into identical two halves, geophysical measurements were conducted in a strict 1-cm-sample-interval including natural gamma radiation (GR) with a hand-held Scintillation Gamma Radiameter and magnetic susceptibility (MS) with a "SM-20" magnetic susceptibility meter with a sensitivity of 10^− 6^ SI units (GF Instruments, Brno, Czech Republic). Afterwards, the core was cut into slices, following the same 1-cm-sampling protocol, and immediately separated for the different analyses (palynology, ostracods, molluscs and geochemistry). Ostracod samples were dried, weighed and treated with H~2~O~2~ before sieving with 125, 250 and 500 μm mesh-size sieves. The total number of ostracod valves was evaluated first, before data were standardized for a sample weight of 100 g ([Supplementary Table 1](#ec0005){ref-type="supplementary-material"}). For statistical analyses, these data were log-transformed. Molluscs were picked from the identical samples as well. As the shells were fragmented during washing, no individual numbers were counted. Therefore, the abundance of molluscs was evaluated by using semi-quantitative categories: 0 = no fragments at all, 1 = rare fragments, 2 = frequent shell fragments, and 3 = coquina layers with numerous fragments.

The geochemistry was measured using a Leco CS-300 elemental analyzer at the University of Graz, detecting total sulfur (TS), total carbon (TC) and total organic carbon (TOC, after acidification of samples to remove carbonate). The difference between TC and TOC is the total inorganic carbon content (TIC), which was used to calculate calcium carbonate equivalent percentages (c-equi = 8.34 ∗ TIC).

Preparation of the palynological samples (pollen, spores and dinoflagellate cysts) followed the steps of [@bb0570] and [@bb0150]. Each sample was dried, weighed and one *Lycopodium clavatum* tablet was added to calculate the absolute number of pollen and dinoflagellate cysts. Then it was treated with cold HCl (34%) to remove all carbonate. After washing with distilled water, each sample was treated with HF (48%) and cold HCl to fully remove all silicates and colloids. The residue was ultrasonicated (c. 15--30 s) and colored with Safranin O, before it was sieved at 15 μm with a nylon sieve. In each sample, at least c. 250 dinoflagellate cysts and 200 pollen grains (excluding *Pinus*) were identified. Palynological counting was first transferred to percentages before an arcsin-root transformation was applied for further statistics ([@bb0315; @bb0590]). For the pollen, a standard Tilia diagram was created ([@bb0155]). To generate a paleoclimate estimate, the Coexistence Approach was used ([@bb0360]). The method applies the natural distribution of the nearest living relative of each taxon occurring in the fossil assemblage, and transfers this to a possible climatic interval in which all of these Miocene plants could survive today. This climatic range is called the Coexistence Interval and resembles the most likely prevailing climatic conditions. Far-transported pollen grains as well as pollen grains of species with a recent distribution strongly influenced by human activity may not characterize the natural distribution or the paleo-situation. To not avoid a mix of climate of different altitudes, such taxa were therefore excluded from the list before the method was applied (e.g. *Pinus*, *Abies*, *Picea*, *Cathaya*). All details referring to Coexistence Approach are summarized in [Supplementary Table 2](#ec0010){ref-type="supplementary-material"}.

To detect and describe cyclicities, a combination of the software PAST ([@bb0175]) for REDFIT analysis ([@bb0470]) and the software AnalySeries ([@bb0395]) for filtering was used. REDFIT overcomes the common problem in paleontology of unevenly spaced time series by fitting a first-order autoregressive process. It also helps reduce red noise by using segmentations and oversamples to fit each curve to a noise model. The Monte-Carlo method was applied to test a bias-corrected spectrum. Only peaks above the 95% confidence interval in the REDFIT spectrum were considered. The age model and the sample numbering follow [@bb0255], with a sedimentation rate of 13.7 years/cm, thus representing 13.7 years in between each sample.

4. Results {#s0020}
==========

4.1. Pollen {#s0025}
-----------

A pollen diagram was generated showing the most common plant taxa, and a pollen zonation is proposed based on cluster analysis ([Fig. 3](#f0015){ref-type="fig"}a). The diversity of the pollen assemblage was rather low, ranging from 13 to 34 taxa ([Fig. 3](#f0015){ref-type="fig"}b; [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}). Moreover, the diversity decreased from the bottom of the core (1540) to the top, but the gradient became less steep above sample 1490. The pollen number per gram sediment, based on the *Lycopodium clavatum* counts, was basically high with one exceptional peak of 97,880 in sample 1500; values never fell below 12,300. The values increase moderately from the bottom to a peak at sample 1521, followed by a break-down phase to values between 30,000 and 20,000. Afterwards, a quick increase causes the highest peaks at sample 1500, which passes into a strongly fluctuating interval up to sample 1476. This interval shows no trend and has a mean of c. 40,700 pollen/g. Subsequently, values drop distinctly starting from sample 1476 and display an overall decreasing trend with very low values of 14,000--16,000 pollen/g up to about sample 1420. Afterwards the number increases slowly again. The pollen/gram record ([Fig. 3](#f0015){ref-type="fig"}b) was not correlated with the pollen diversity curve. Both lack a significant correlation with the dinoflagellates/gram record. This suggests that most of the data are not taphonomically biased, which would affect all palynomorphs.

As *Pinus* accounts for up to 50% of the whole pollen spectra ([Fig. 3](#f0015){ref-type="fig"}b), it was excluded from further analysis. The decrease in diversity coincides with an increase in the abundance of gymnosperm pollen (excluding *Pinus*). Starting from 60%, the values reach c. 90% in samples 1491 and 1405 ([Fig. 3](#f0015){ref-type="fig"}b). Among the remaining bisaccate gymnosperms, *Cathaya* is most abundant with values of almost 50% and a mean of 38.2% ([Fig. 3](#f0015){ref-type="fig"}a; [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}). *Picea* and *Abies* attain lower mean values of 14.4% and 14.6%, respectively. *Picea* displays three peaks with 25%, which slightly exceed the three *Abies* peaks. Despite the comparable values, all three Pinaceae records have different patterns ([Fig. 3](#f0015){ref-type="fig"}a). *Cathaya* strongly increases from sample 1540 up to sample 1494 (50.6%), before it slightly drops to 31% up to sample 1472. Afterwards, the *Cathaya* record varies strongly with positive and negative peaks between 50 and 30%. *Abies* and *Picea*, in contrast, start with rather stable values and peak later at samples 1480 (21%) and 1473 (26%). *Picea* values briefly drop down to less than 10%, before they increase slowly up to sample 1430 (24.4%), followed by an interval without a significant trend. *Abies* also decreases to values around 7.6%, followed by a slight increase to between 10 and 15%, with a negative peak at sample 1432 (5.6%). A strong rise up to 18% afterwards is followed again by a short decrease down to 10%. In the top of the sequence, the abundance of *Abies* increases, similarly to *Picea*, but displays a decreasing trend after sample 1403 (23.7%).

The rather rare angiosperms were grouped according to their ecology into hinterland forest and grasses/herbs (comparable to [@bb0235; @bb0280]; [@bb0245]; [Fig. 3](#f0015){ref-type="fig"}b; for the complete taxa list, see [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}).

The hinterland forest plants are more abundant, ranging from 5.9% to 19.3%, with their highest values in the lower part (1540 to 1525) and in the middle (1469 to 1460), opposed by one negative peak at sample 1405 (5.9%). They start with a negative trend up to sample 1525; the interval up to sample 1432 is characterized by high values, with two phases exhibiting several positive peaks (1503--1516, 1477--1455) and a decline afterwards up to sample 1432; this marks the turning point to overall increasing values ([Fig. 3](#f0015){ref-type="fig"}b). Grasses/herbs start with values of almost 19% and sharply decrease to 3.9% at sample 1531. This is followed by a slight recovery up to sample 1528 (8.7%) and a second but less steep negative trend up to sample 1500. Rather low values without marked trend follow upsection, interrupted only at sample 1468, when grasses and herbs attain 10.8% of the spectrum ([Fig. 3](#f0015){ref-type="fig"}b).

4.2. Dinoflagellate cysts {#s0030}
-------------------------

The diversity of dinoflagellate cysts is low in all samples; a total of 17 taxa were identified ([Fig. 4](#f0020){ref-type="fig"}; [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}). The most abundant is *Spiniferites* with values up to 60%. Five different species are identified within this genus: *Spiniferites delicatus* is the most common, frequently accounting for more than 10% of the assemblages and with a single peak topping 32% in sample 1479. All other *Spiniferites* species range below 5% with mean-values of less than 1.5% ([Supplementary Table 1](#ec0005){ref-type="supplementary-material"}). The second most frequent element is *Impagidinium* spp. with maxima of 36.7% and a mean of 20.7%. *Impagidinium sphaericum* ranges from 2 to 18.3% (mean 7.8%). Among the remaining taxa, especially the Protoperidinioid cysts A and Round Brown Cysts (RBC) are most common with a mean of 33.7% and maxima of 18.0%, respectively. *Pyxidinopsis psilata* and *Selenopemphix* sp. are also constantly present with means of 2.8% and 2.2%, respectively.

*Spiniferites* values show a decreasing trend up to sample 1515. This is followed by a strongly fluctuating overall increase up to sample 1470, attaining a peak value of 55.7%. During the following six samples, a strong drop to 29.3% occurs. Upsection, a constant increasing trend follows, peaking at sample 1443 (55.5%), followed by overall constant values around 45% until sample 1433. A short phase of low values around 35% up to sample 1428 is opposed by the highest peak at sample 1426 (60.6%). Another phase of low values up to sample 1412 is finally topped by a slight increase to values around 40% ([Fig. 4](#f0020){ref-type="fig"}). *Impagidinium* spp. starts with slightly increasing values, peaking at sample 1508 with 48%. At sample 1504, values drop to 18% and further to 15.4% in sample 1492 after a short recovery phase. Afterwards it is consistently represented in samples, varying between 20% and almost 40%. At sample 1462, values increase again to a peak at sample 1446 (43.3%). Upsection, another phase of strongly fluctuating values follows, indicating a slight decreasing trend up to sample 1426 and an increase in abundance thereafter. A clearer trend is expressed by the Protoperidinioid cyst A ([Fig. 4](#f0020){ref-type="fig"}). Its values increase constantly from samples 1540 to 1517, peaking at 26.7%. This trend is interrupted by a short break-down phase to 11.6% at sample 1506, before the increasing trend is re-established, peaking at sample 1491 with 33.4%. Values decrease irregularly into a low phase of c. 12% from samples 1473 to 1470. This is followed by peak values of more than 30% around samples 1467 to 1465. Afterwards, the Protoperidinioid cyst A assemblage decreases considerably down to 3.4% (samples 1453--1535) and terminates with strongly fluctuating values. RBC start with an increase from about 2% towards a phase of high peaks of 8--10% between samples 1515--1505. Afterwards, the abundance drops again below 5% up to sample 1468, where a strong rise takes place up to a last drop at sample 1401. Nevertheless, values fluctuate considerably in between, including shifts from 0% to more than 15% within several samples. *Selenopemphix* shows a rather characteristic behavior along the sequence. From sample 1540 until 1525, it is more abundant (peaks \> 6%), before it breaks down to values \< 3%. Although small shifts are still evident, the occurrence remains low until sample 1400, where values exceed 12%. *Pyxidinopsis* shows a more variable trend, beginning with an almost stable presence around 2% up to sample 1401, where the values rise to 4.5%. After a short drop, the values slowly increase towards the highest abundance at sample 1442 (8.3%), before they fall constantly towards a low at sample 1433 (1.5%). The signal towards the top of the sequence remains highly fluctuating, but with an increasing trend including one more peak of 8.5% (1396).

4.3. Ostracod and mollusc abundance {#s0035}
-----------------------------------

We use the total amount of ostracods and the presence of autochthonous mollusc populations as rough estimates for bottom water conditions; for a discussion on the species and genera constituting the assemblage see [@bb0180] and [@bb0195]. Within the studied core interval, the maximum abundance of ostracods/100 g sediment is observed from samples 1540 to 1525 ([Supplementary Table 1](#ec0005){ref-type="supplementary-material"}; [Fig. 5](#f0025){ref-type="fig"}). Afterwards the assemblages break down nearly completely up to sample 1513, followed by a phase of strongly fluctuating values ranging from 10 to almost 300 individuals, with a low phase of \< 60 ostracods between samples 1414 and 1400.

4.4. Geochemistry {#s0040}
-----------------

The total sulfur record (TS) displays an overall two-parted trend with higher values up to sample 1475 and depleted values thereafter ([Supplementary Table 1](#ec0005){ref-type="supplementary-material"}; [Fig. 5](#f0025){ref-type="fig"}). The lower part of the core up to sample 1475 has strongly fluctuating values around a mean of 0.47%, with several prominent peaks of \> 0.8%. Above follows a phase with low fluctuations and a constant decline to low values around 0.2% up to sample 1443. These depleted values continue up to the top of the core, interrupted only by a short interval of slightly higher values from samples 1443 to 1430.

Total carbon values (TC) range between 1.75 and 2.6% ([Supplementary Table 1](#ec0005){ref-type="supplementary-material"}; [Fig. 5](#f0025){ref-type="fig"}). The lower part of the core up to sample 1530 is characterized by high values with peaks of 2.5 and 2.6% in samples 1539 and 1534. This is followed by an interval up to sample 1457 with moderate values fluctuating around 2%, with a phase of very low values around 1.7% around sample 1500 and a slight increasing trend afterwards. Elevated values occur in an interval from samples 1455 to 1438, followed again by phase of moderately fluctuating values ranging around 2%.

The total organic carbon record (TOC) is also two-fold: the lower part reaches from the bottom up to sample 1444 ([Supplementary Table 1](#ec0005){ref-type="supplementary-material"}; [Fig. 5](#f0025){ref-type="fig"}). This part is characterized by an overall mean of 0.92%, separated by moderately increasing values up to sample 1490 and a slight decrease afterwards. Four prominent negative peaks interrupt this record at samples 1517 (0.6%), 1484 (0.64%), 1468 (0.68%) and 1454 (0.56%). The upper part of the TOC record has comparatively higher values, with a mean of 1.0%, starting with a strong increase at sample 1442.

The trend of the calcium carbonate equivalent is roughly similar to the TC record because its calculation is based on TC and TOC values ([Supplementary Table 1](#ec0005){ref-type="supplementary-material"}; [Fig. 5](#f0025){ref-type="fig"}). Comparable to the TC record, an initial phase with high values up to sample 1530 is followed by a constant decrease, which culminates in low values around sample 1500. Afterwards a slow but constant increasing trend with positive peaks at samples 1484 (11.7%) and 1468 (11.3%) sets in. An interval with very high values around 1% occurs up to sample 1435. This interval ends with an abrupt decrease, followed by a constant rise up to the top afterwards.

The TOC/TS ratio starts with its first peak of 7.8% within the first 5 samples and then remains at low levels of app. 3% up to sample 1495, when the values display a moderate increase with several peaks up to almost 5%. Around sample 1473 the values increase further, interrupted by a short phase of low values from samples 1440--1431. Afterwards, the ratio displays an overall shift towards higher values, with maxima of 20% and an average of 10%.

4.5. Geophysics {#s0045}
---------------

The natural gamma radiation (GR) of the 6-m-long Hennersdorf core was already discussed by [@bb0255]. The shorter herein-studied part is characterized by a strongly fluctuating record ([Supplementary Table 1](#ec0005){ref-type="supplementary-material"}; [Fig. 5](#f0025){ref-type="fig"}) with increasing amplitudes up the interval between samples 1520 and 1500. An interval with low-amplitude variations reaches up to the interval around sample 1470, where strong positive and negative peaks occur. A phase of moderate fluctuations follows and extends up to sample 1425, then passing quickly into a last interval with elevated and strongly fluctuating values.

As shown by [@bb0255] the magnetic susceptibility record (MS) lacks the high-frequency oscillations of the GR record. The magnetic susceptibility shows a trend of increasing values towards the top of the section from 0.3 to 0.6--0.7 ∗ 10^− 6^ SI units, with a low-frequency fluctuation. The strongest increase occurs between samples 1495 and 1470. Other fluctuations are minor ([Supplementary Table 1](#ec0005){ref-type="supplementary-material"}; [Fig. 5](#f0025){ref-type="fig"}).

4.6. Statistics {#s0050}
---------------

The longer sequence of 6 m studied in [@bb0255] already exhibited periodicities in the magnetic susceptibility (MS), natural gamma radiation (GR) and ostracod records ([Fig. 1](#f0005){ref-type="fig"}) that fit to those of the lower and upper Gleissberg cycles (50--80 and 90--120 years), the deVries/Suess cycle (200--210 years), the 500- and 1000-year cycles and the Hallstatt cycle (\~ 2300 years). Additionally, a strong influence of the 1500-year cycle could be detected for these 3 proxies. The same techniques were applied for each proxy herein, but due to the shorter time interval of c. 2055 years, only the lower and upper Gleissberg and the deVries/Suess cycles are expected to be present. Shorter cyclicities, such as the 11-year-Schwabe-sunspot cycle or the 22-year-Hale cycle, approximate the time resolution between each sample and thus cannot be detected ([@bb0220; @bb0550; @bb0145]). Accordingly, with respect to the time model of 13.7 years/cm, only a part of the frequency spectrum can be considered. Very low frequencies (≤ 0.05) may not show enough repetitions within the investigated sequence, and high frequencies ≥ 0.3 are too close to the time resolution.

In the following we give a short overview of significant periodicities as revealed by REDFIT spectral analysis ([@bb0470]). Eleven proxies revealed signals above the 95% confidence interval: GR, carbonate, TS, Protoperidinoid cyst A, *Impagidinium*, Round Brown Cysts, *Picea*, *Cathaya*, Poaceae, *Fagus* and ostracods ([Fig. 6](#f0030){ref-type="fig"}a--k). Several others indicate peaks at comparable frequencies, but did not reach the 95% CI and are not discussed herein.

GR ([Fig. 6](#f0030){ref-type="fig"}a): three peaks between the frequencies of 0.167--0.173, 0.213--0.22 are detected next to one peak at 0.273, which appears to be a split signal with respect to the many following peaks passing the frequency limit of 0.3. Therefore, the value of the highest peak is uncertain. The two remaining peaks correspond to a repetitive signal of 6.0--5.8 and 4.7--4.5 cm and 82.0--79.2 and 64.3--62.3 years in time.

Ostracods ([Fig. 6](#f0030){ref-type="fig"}b): one prominent peak above the 95% CI occurs at a frequency between 0.148 and 0.173, which can be expressed as a repetitive signal with a periodicity of 6.8--5.8 cm and 92.3--79.2 years.

Carbonate ([Fig. 6](#f0030){ref-type="fig"}c): one peak at the frequency 0.12 almost passes the 99% CI, while a second one at 0.18 frequency reaches the 95% CI. These represent 8.3 cm (113.7 years) and 5.6 cm (76.7 years), respectively.

TS ([Fig. 6](#f0030){ref-type="fig"}d): one peak at frequencies between 0.111 and 0.117 exceeds the 95% CI; this corresponds to 9.0--8.5 cm or 123.3--116.5 years. A second peak at 0.089 does not reach the 95% CI but might represent a split peak of the same signal.

Protoperidinoid cyst A ([Fig. 6](#f0030){ref-type="fig"}e): only one wide peak reaches above the 95% CI at the frequency between 0.247 and 0.25, corresponding to a cyclicity of 4.0 cm or 54.8 years.

*Impagidinium* ([Fig. 6](#f0030){ref-type="fig"}f): several peaks are visible, but only one at the frequency 0.183--0.189 is strong enough to pass into the 95% CI; it corresponds to a frequency of 5.5--5.3 cm or 75.4--72.6 years.

Round Brown Cysts ([Fig. 6](#f0030){ref-type="fig"}g): several peaks are visible but only at a frequency of 0.187 is the 95% CI passed. This means a cycle of 5.3 cm or 73.3 years.

*Picea* ([Fig. 6](#f0030){ref-type="fig"}h): this pollen shows a rather weak peak at a frequency of 0.08--0.087, corresponding to 12.5--11.5 cm or 171.3--157.5 years. All higher frequency signals fail to reach the 95% CI.

*Cathaya* ([Fig. 6](#f0030){ref-type="fig"}i): within this spectrum, many high frequency signals occur, but only one the one at 0.12 passes the 95% CI value, corresponding to 8.3 cm or 114.2 years.

Poaceae ([Fig. 6](#f0030){ref-type="fig"}j): a clear frequency peak at 0.12--0.125 is present, which corresponds to 8.7--8.0 cm or 119.2--109.6 years.

*Fagus* ([Fig. 6](#f0030){ref-type="fig"}k): REDFIT detects several peaks within this data set; first at 0.167--0.172 and two identical neighboring peaks at 0.267--0.27 and 0.29--0.3. Since these two peaks are equally strong, they are presumably the result of a split signal. As the tops of these frequency peaks pass the significance limit of 0.3, they are excluded from further analysis. The remaining peak at 0.167--0.172 corresponds to 6.0--5.8 cm or to 82.2--79.5 years. With respect to the whole number of proxies counted and measured for this 1.5 m sequence, the number of statistically significant ones is low. This mainly reflects the small sample size of 150 data points per proxy and the quasi-periodic nature of solar cycles. In comparison, the GR, MS and ostracod records show a clearer signal in the studies of [@bb0255] by applying the same technique on a larger data set. Therefore, the irregularity in the exact duration of each solar cycle marks the biggest obstacle for studying these based solely on a short sequence. Furthermore, several other pollen taxa also reflect repetitive abundance patterns, but these were excluded because they all represent very rare elements (e.g. *Tilia*, Arecaceae, Ericaceae, and Rosaceae). The signal in the statistics may reflect presence/absence only: this might indicate a taphonomic signal, but could also be caused by the offshore position of the studied core.

Summarizing the detected frequencies, the significant peaks cluster in two discrete intervals of 4--6 and 8--9 cm, representing 54.8--82.2 and 109.6--123.3 years. These values range well within the expected ranges of the lower Gleissberg cycle (50--80-year period; [@bb0390; @bb0100]) and the upper Gleissberg-cycle (90--120-year period; [@bb0565; @bb0130; @bb0390]). These results are apparently robust because [@bb0195] and [@bb0255] detected comparable peaks within the lower and upper Gleissberg frequency bands in core intervals below and above the herein-studied interval.

Only the single *Picea* peak of roughly 170--160 years does not fit to any known cycles. It could possibly be a heterodyne of the Gleissberg cycle with the \~ 200 year deVries solar cycle. Since its expression is rather weak and its presence cannot statistically be substantiated by any other proxy, it will not be considered for further discussion.

5. Discussion {#s0055}
=============

5.1. General paleoclimate {#s0060}
-------------------------

The general paleoclimate for the Hennersdorf locality was estimated based on 32 taxa by applying the Coexistence Analysis ([Supplementary Table 2](#ec0010){ref-type="supplementary-material"}). The results suggest a mean annual temperature (MAT) between 15.6 and 20.8 °C, with a cold season clearly above the freezing level (5--13.3 °C) and a warm season range from 24.7 °C to 27.9 °C. The mean annual precipitation (MAP) was high, varying from a low of 823 up to 1529 mm, displaying clear seasonality with a wet phase of 204--236 mm and a dry phase of 9--24 mm. As the warmest month, rainfall ranged from 79 to 172 mm, the warmer season may have coincided with the wettest one ([Supplementary Table 2](#ec0010){ref-type="supplementary-material"}). Thus, a clear seasonality was already established at this time, with a cold and a warm and presumably wetter season. Rainfall and temperature suggest a subtropical or at least warm-temperate situation compared to today (e.g. Vienna --- MAT 9.8 °C and MAP 660 mm; [@bb9010]). The warm temperature and especially the winter temperature above 0 °C is responsible for the presence of plants that today are typical for tropical and subtropical areas, such as Arecaceae, Sapotaceae, *Engelhardia* or Taxodioideae ([@bb0105; @bb0295; @bb0290]). These data fully correspond to previous studies from other nearby localities ([@bb0045; @bb0050; @bb0195; @bb0250]).

5.2. Vegetation reconstruction {#s0065}
------------------------------

Due to the low diversity within the pollen assemblages, only a rough picture of the Late Miocene vegetation surrounding Lake Pannon can be reconstructed. The lakeshore was probably fringed by a mixture of forested and non-forested wetland vegetation. There, different Poaceae and Cyperaceae species occurred, partly associated with *Sparganium* and *Typha*. Typical trees of this zone were Taxodioideae, such as *Taxodium* or *Glyptostrobus*, along with the less frequent *Nyssa* (e.g. [@bb0560; @bb0005; @bb0290; @bb0325]). Due to their high frequency in the spectra and the fact that their pollen grains are usually not transported over large distances ([@bb0480]), the presence of such lakeshore-associated wetlands is most likely, although some species of Taxodioideae may grow in non-swamp vegetation as well (e.g. [@bb0520]). In some distance from the lakeshore, forests dominated the landscape. This part of the vegetation comprised mainly deciduous, broad-leaved type taxa ([@bb0285]). This included elements such as *Carya*, *Pterocarya*, *Quercus*, *Fagus*, *Carpinus* or *Ulmus*, together with some plants typical for warm-temperate climate such as Arecaceae and rare occurrences of *Symplocos* or Sapotaceae (e.g. [@bb0230; @bb0040; @bb0555; @bb0105; @bb0270]). Gymnosperms are most abundant in the pollen samples, which can be explained by their distribution mechanisms, which favor exceptionally wide transport ([@bb0210; @bb0525; @bb0200]). The position of the drilled core in several kilometer distances to the shore ([@bb0195; @bb0255]) also plays a role. *Pinus* is excluded here from any environmental reconstruction because it occurs today in very different vegetation zones and altitudes. Other Pinaceae such as *Picea* and *Abies* may indicate elevated mountainous regions, such as the close-by Alps ([@bb0120; @bb0250]), which were located less than 100 km from the studied side ([@bb0335; @bb0190; @bb0195]). Mid-altitudinal elements are represented by *Tsuga* and *Cathaya* ([@bb0250; @bb0240]), although their recent distribution is not restricted to such environments. This closed vegetation may have been interrupted by more open areas, where Poaceae dominated and where rivers flowing into the lake transported numerous riparian elements into the lake (e.g. *Salix*, *Fraxinus*, *Sparganium*/*Typha*) ([@bb0065; @bb0105]). These vegetation belts correspond fully to the Tortonian vegetation surrounding Lake Pannon as described in several previous studies (e.g. [@bb0275; @bb0280; @bb0195; @bb0250; @bb0270; @bb0260]).

5.3. Pollen zonation {#s0070}
--------------------

No major turnover of the general vegetation type is indicated in our record ([Fig. 3](#f0015){ref-type="fig"}a). This is no surprise with respect to the short time span of only two millennia covered by the core. Nevertheless, the contribution of certain taxa to the spectra changes considerably along the record. A Tiliagraph cluster analysis ([@bb0155]) revealed significant changes of sample composition resulting in a cluster-based zonation ([Fig. 3](#f0015){ref-type="fig"}a). Since the pollen diversity and the pollen/gram sediment counts do not show any parallels ([Fig. 3](#f0015){ref-type="fig"}b), shifts within the pollen percentages are presumably not merely an expression of preservation bias (except for subzone IVb, see below).

Zone I ([Fig. 3](#f0015){ref-type="fig"}) starts with a high presence of riparian elements (e.g. *Sparganium* in [Fig. 3](#f0015){ref-type="fig"}a; [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}), which then strongly decline, reaching levels below 5% after sample 1526. The forested wetland vegetation, however, represented mainly by Taxodioideae, remained intact. This coincidence strongly points to a decrease of fluvial input, either caused by a decreased water supply or a migration of the river mouth. This, in turn, leads to a decrease in pollen diversity because many taxa grow in the hinterland and reach the lake mainly by fluvial transport ([@bb0525; @bb0200; @bb0480; @bb0510]).

Zone II ([Fig. 3](#f0015){ref-type="fig"}) extends up to sample 1490 and coincides with a continued decline in pollen diversity. The pollen supply from the hinterland forest and from the Taxodioideae wetlands is high, yielding high pollen/gram sediment values. The vegetation composition was rather uniform, including a huge amount of altitudinal elements such as *Abies*, *Cathaya* and *Tsuga* along with otherwise rare gymnosperms (e.g. *Sciadopitys*, Cupressaceae). Single positive outliers in the pollen/gram ratio may represent events in certain years. Considering the overall rareness of riverine elements and the fact that the most abundant pollen are distributed by wind, these events could be interpreted as several strong wind events rather than as phases of increased runoff. The extreme peaks represent the highest pollen numbers. The average values, however, are higher in pollen zone III.

Within zone III ([Fig. 3](#f0015){ref-type="fig"}), the overall plant diversity and the Taxodioideae vegetation remain rather constant. Although single elements such as *Abies* and *Cathaya* become less abundant, the number of *Picea*, *Tsuga*, hinterland forest vegetation (especially *Carya* and *Fagus*) and the Poaceae increases strongly. This shift in composition could indicate a slight change of the source area, either due to a change in the dominant wind direction or an increase in riverine influx, which fits to several small peaks in the *Sparganium*/*Typha* counts.

Zone IV ([Fig. 3](#f0015){ref-type="fig"}) is divided into 2 subzones, ranging from samples 1468--1433 and 1432--1414. Subzone IVa is characterized by high levels of *Picea*, *Cathaya* and Poaceae, while in the pollen/gram counts, the amount of *Pinus* and the contribution by forest elements drop significantly at the base of the upper subzone. Low pollen diversity, pollen/gram values and dinoflagellates/gram values coincide here. Therefore, taphonomic bias might have influenced the record in this case. Especially between samples 1440 and 1430, the lowest pollen/gram sediment values and the lowest diversity values were recorded even robust pollen, such as *Abies* or *Tsuga*, decreases. Nevertheless, the Taxodioideae, which indicate close-by wetland, remain abundant; this could also point to less wind input during this phase in addition to the taphonomic signal. This is followed by the onset of subzone IVb and an increase in diversity and pollen/gram counts. Hinterland forest elements and all Pinaceae and Poaceae again increase, showing a distinct contribution by far-distance pollen input.

This trend persists into the pollen zone V ([Fig. 3](#f0015){ref-type="fig"}; samples 1413--1391). Forest elements, *Picea* and *Abies* and the pollen/gram sediment number continue to increase strongly. Pollen diversity remains stable, but percentages of the hinterland forest reach the highest values; this forest type outcompetes the altitudinal plants.

In conclusion, the pollen record suggests rather unaltered vegetation conditions around the lake during the observed time span. Variations in the pollen spectra are therefore interpreted merely as shifts of the pollen supply into the lake, mainly by changing wind conditions and/or runoff.

5.4. Surface water conditions deduced from dinoflagellate cysts {#s0075}
---------------------------------------------------------------

Dinoflagellate cysts are indicators for the lake surface water conditions ([Fig. 4](#f0020){ref-type="fig"}). For Lake Pannon deposits, this group is often difficult to interpret due to the marine origin of Lake Pannon and the subsequent autochthonous evolution of its biota. Many of the genera are today typically found in open marine settings. Nevertheless, some Holocene counterparts are documented from the Black Sea, the Marmara Sea, the Caspian Sea or the Aral Sea, where several species became adapted to brackish water conditions (e.g. [@bb0265; @bb0365; @bb0370; @bb0375; @bb0380; @bb0345; @bb0350; @bb0305; @bb0330; @bb0300]). Especially the dominance of *Spiniferites* in all samples is known from the modern Marmara Sea, where it may account for more than 80% of the dinoflagellate assemblages ([@bb0330]). This high amount of *Spiniferites* was documented by [@bb0195] to have been established in Lake Pannon shortly after a major rise in the lake level. The turning point from coastal to "offshore" conditions, marked by increasing *Impagidinium* and *Spiniferites* values, is recorded at the Hennersdorf section about 40--50 cm below the lowermost part of this core in sample 1540 ([@bb0195]). The overall consistently high values of both taxa within our samples therefore indicate a stable lake level without major shifts ([Fig. 4](#f0020){ref-type="fig"}) ([@bb0080; @bb0340]).

Another significant element is *Selenopemphix*, which is commonly found in river mouths (e.g. [@bb0410; @bb0225]). Especially *S. nephroides* has an affinity to eutrophic coastal settings and zones of high productivity ([@bb0340; @bb0495]). The distinctive drop of *Selenopemphix* up to sample 1500 thus potentially indicates a decrease in freshwater influx ([Fig. 4](#f0020){ref-type="fig"}) ([@bb0410; @bb0225]). This decline is partly compensated by increasing but still low values of the "open-water" taxon *Impagidinium*. In Lake Pannon, a rise of *Impagidinium* was documented to frequently coincide with deepening events ([@bb0475; @bb0195; @bb0255]). However, the rather moderate increase in the Hennersdorf core might rather point to less river inflow and thus comparatively more oligotrophic conditions, as preferred by *Impagidinium* ([@bb0580; @bb0080]). At this level ([Fig. 4](#f0020){ref-type="fig"}), the amount of heterotrophic dinoflagellates (Round Brown Cyst (RBC) and Protoperidinioid cyst A) decreases, which points to a decline in surface water nutrients.

This situation quickly changes, as indicated by a strong rise of the absolute dinoflagellates/gram values, which culminates during pollen zone III ([Fig. 4](#f0020){ref-type="fig"}). During this phase, brackish but nutrient-rich surface water conditions prevailed. *Pyxidinopsis*, a taxon well known from the modern brackish Black Sea ([@bb0305]), attains stable high values. This taxon tolerates salinities between 3 and 7 psu in the modern Baltic Sea ([@bb0305]), has its optimum from 7 to 12 psu and becomes rare at salinities exceeding 13 psu ([@bb0350]).

From a peak at the border to pollen zone IVa (sample 1471) the values of Protoperidinioid cyst A strongly drop to the benefit of *Impagidinium*. This supports a switch back to more oligotrophic conditions ([@bb0585]). Also the RBC drop to their lowest abundance, pointing to a drop in surface water nutrients. Soon after, another turnover occurred in pollen zone IVb, where a rise of Protoperidinioid cysts and a lagged rise of RBC took place. Zone V starts with a second maximum of dinoflagellates abundance, and the high amount of *Selenopemphix* suggests strongly increasing riverine influence towards the top.

5.5. The lake bottom {#s0080}
--------------------

### 5.5.1. Ostracods and molluscs {#s0085}

The ostracods of Lake Pannon have been intensively studied in numerous papers (e.g. [@bb0160; @bb0165; @bb0170; @bb0195; @bb0260]). A taxonomic analysis of the ostracods from core samples from Hennersdorf ([@bb0195]) documented that the species composition remained roughly constant despite strong changes in total abundance. A poor oxygen supply on the lake bottom caused a low-diversity assemblage with only five dominating taxa (*Cyprideis*, *Hemicytheria*, *Lineocypris*/*Caspionella*, *Amplocypris*, *Loxoconcha*). Low bottom water oxygenation and rare nutrient supply strongly constrained growth and success of ostracod populations in Lake Pannon ([@bb0195; @bb0170; @bb0255]). The most prolific conditions for ostracod settling were established during deposition of the lower part of the core up to c. sample 1520 ([Fig. 5](#f0025){ref-type="fig"}). The conditions were clearly degenerating already in this interval as indicated by the negative trend. This culminates in the very low abundances from sample 1520 onwards, interrupted only by short recovering phases (samples 1510--1500, 1475--1460, 1450--1440). The conditions improved again in the top (above sample 1400), with increasing number of ostracods.

Molluscs occur as isolated shells or as discrete shell-accumulations. These represent autochthonous assemblages of dreissenid bivalves comprising only very few or even single generations, as shown in [@bb0180] for the same locality. Generally, molluscs are absent from most samples, indicating hostile conditions for bivalve settlement. Only three phases of more or less continuous settlement are documented (samples 1540--1530, 1474--1461, 1441--1438). They reflect oxygenized bottom water conditions and ample food supply.

### 5.5.2. Geochemistry and geophysics {#s0090}

Geochemical and geophysical measurements do not simply reflect different sediment compositions because the lithology is constant along the studied core.

The natural gamma radiation measurements (GR) detect the presence of radioactive isotopes emitted by potassium-, uranium- and thorium-bearing minerals ([@bb0030]). These are transported into the lake mainly by wind or river waters (see [@bb0255] for references). The magnetic susceptibility (MS) is frequently interpreted in an analogous way based on the presence of carrier minerals such as magnetite and pyrrhotite. Nevertheless, the simple interpretation as a function of detrital input has been questioned by the frequent occurrence of greigite in Lake Pannon ([@bb0010; @bb0545]). This iron-sulfide is formed under dysoxic conditions in the first centimeters below the lake bottom sediment surface by microbial reactions ([@bb0455]). Thus, the detected MS signal may resemble a combined signal of input, microbial activity and bottom water conditions. Consequently, the original signal may be altered after sedimentation, and the high-frequency signals as revealed by ostracods and GR are lost ([@bb0255]; [Fig. 5](#f0025){ref-type="fig"}). A general rise of values occurs between samples 1480 and 1470. As the input-determined GR remains at an overall similar average in that interval, the rise of the MS may possibly be affected by microbial activity within the sediment. This low-oxygen scenario fits also to the very poor ostracod assemblages.

Interpreting the geochemistry of the samples is complex because studies on comparable brackish environments are rare (e.g. [@bb0025; @bb0460; @bb0440; @bb0170]). The main source of sulfur in lake deposits is inorganic sulfates and organic sulfur compounds (e.g. [@bb0205]). These are transferred into organic sulfur mainly by bacterial activity under oxygen-depleted conditions ([@bb0135; @bb0025; @bb0465]). Typically, fine-grained iron-sulfide is formed in the sediment by bacteria (e.g. pyrite and greigite) ([@bb0205; @bb0115; @bb0415]), which may have been a common process in Lake Pannon ([@bb0010; @bb0545]). Compared with organic sulfur, the organic matter content in lakes is higher ([@bb0025; @bb0205]). The organic matter comprises lipids, carbohydrates, proteins and other biological components originated from the lake biota and the surroundings ([@bb0355]). Total organic carbon (TOC) is the most common proxy to describe the amount of organic matter and as an indicator of productivity ([@bb0075; @bb0355]). A covariance between TS and TOC was recorded from nearshore deposits of Lake Pannon as result of organic matter input ([@bb0170]). [@bb0440] documented that algal blooms within a Miocene Alpine lake caused similar covariance. This straightforward response is missing in the Hennersdorf core, pointing to a more complex mechanism. Generally elevated sulfur values in the lower half of the core point to high bacterial activity and poor oxygenation at this level. This interpretation is supported by the near absence of benthos. Moreover, the TOC/TS ratio is frequently used as a proxy for freshwater input ([@bb0025; @bb0460; @bb0440]). This is because the dissolved sulfate supply is strongly limited in freshwater systems compared to brackish/marine ones ([@bb0205]). The even higher TOC/TS ratio above sample 1430 is also considered to reflect freshwater input.

The calcium carbonate-equivalent (c-equi) is usually interpreted to reflect autochthonous precipitation. [@bb0425], however, documented the influence of detrital input from the hinterland on this proxy. Especially along the western shores of Lake Pannon, dolomite and limestone from the Calcareous Alps constitute a major source of detrital carbonate. A second main factor is the oxygenation of the lake bottom, which influences autochthonous carbonate precipitation.

In the middle part of the section (samples 1490--1465) the c-equi values are high. During this phase, sulfur displays top peaks, magnetic susceptibility increases to a higher level and the natural gamma radiation is strong. In combination with the higher c-equi, all four proxies indicate more intense input of hinterland-derived particles. Another comparable phase of high calcium carbonate-equivalent values occurs between samples 1455 and 1440, again coinciding with high MS values ([Fig. 5](#f0025){ref-type="fig"}). A difference is the low TOC and the well-established ostracod populations, suggesting better oxygenation.

5.6. General trends {#s0095}
-------------------

The ecological and environmental data of the various proxies allow a detailed interpretation of the lake record. These are discussed based on the zonation suggested by the pollen data ([Fig. 3](#f0015){ref-type="fig"}a); all the information is summarized in [Fig. 7](#f0035){ref-type="fig"}.

### 5.6.1. Zone I (samples 1540--1526) {#s0125}

The high abundance of *Selenophemphix* as well as the peak of TOC/TS ratio suggests strong freshwater inflow into Lake Pannon. This is supported by the presence of river-associated plants (e.g. *Sparganium*/*Typha*, *Fraxinus*), the high pollen diversity and the high input of organic material as well as a high amount of detritic carbonate. A significant change in the lake level can be excluded because the overall dinoflagellate record is typical for "offshore" settings of Lake Pannon and because the core starts clearly above a major transgressive event described in [@bb0195]. The rapid decline of all these proxies within zone I suggests a drop of riverine influx up to sample 1526 ([Fig. 7](#f0035){ref-type="fig"}), which defines the boundary between pollen-zones I and II. During the whole \~ 200-year-long phase, the lake bottom waters were well oxygenated with ample nutrient supply, resulting in the establishment of large ostracod and mollusc populations. This interpretation is in agreement with the pollen data, which clearly document a gradual decrease of riverine elements (see above).

### 5.6.2. Zone II (samples 1525--1490) {#s0130}

The bottom water oxygenation deteriorated distinctly during the initial 50 years of zone II. Molluscs vanished completely aside from a single layer, and the ostracod populations declined to very low levels and repeatedly collapsed completely. These conditions stimulated the activity of sulfur bacteria, which is expressed in initially increasing MS values and multiple peaks of sulfur. The low TOC/TS ratio also indicates low oxygen conditions and a lack of freshwater influx into the brackish lake ([Fig. 7](#f0035){ref-type="fig"}). Simultaneously, the surface conditions changed. High nutrient levels in the surface waters during the first 200 years of zone II, indicated by an increase of heterotrophic dinoflagellates, are replaced by increasingly oligotrophic conditions in the following 300 years, when *Impagidinium* rose and heterotrophs slightly decreased ([Fig. 7](#f0035){ref-type="fig"}). Thus, at that stage, the lake was probably stratified with a poorly oxygenized and hostile hypolimnion ([@bb0180; @bb0440; @bb0195; @bb0455]).

Although the pollen diversity declined, the number of pollen/gram rose especially due to an increase of the wind-distributed hinterland forest elements and altitudinal trees such as *Abies*, *Cathaya*, *Tsuga* and *Picea*. Thus, transport by wind was probably the major source for pollen, while the riparian elements are nearly missing.

### 5.6.3. Zone III (samples 1489--1468) {#s0135}

The poorly oxygenized lake bottom conditions of zone II persisted throughout most of zone III. The ostracod record indicated repeated phases of habitable conditions, promoting the development of short-lived populations for several decades. The TOC/TS ratio, however, remained rather low. Phases of high ostracod abundance coincide with negative peaks in the otherwise high TOC level. The sulfur record also fluctuated; it has several peaks next to steeply rising magnetic susceptibility ([Fig. 5](#f0025){ref-type="fig"}). As in zone II, the lake was probably stratified, but episodically epilimnic conditions became established. This culminated in a short phase around the boundary between zones III and IV in which mollusc coquinas are frequent, suggesting oxygenized lake bottom waters for approximately one century ([Fig. 7](#f0035){ref-type="fig"}; [@bb0205; @bb0180; @bb0440; @bb0195; @bb0170]).

The lake surface conditions did not change in the transition from zone II to III. The highest numbers of dinoflagellates/gram document prolific conditions with numerous multi-species blooms. High productivity is reflected by a high percentage of protoperidinioids, which out-compete most other heterotrophs, while the autotrophic *Impagidinium* slightly declines ([Fig. 7](#f0035){ref-type="fig"}). Highest numbers of pollen/gram -- in combination with a rapidly rising number of forest tree pollen, high amounts of altitudinal elements and *Pinus* -- are significant. A rapid succession of peaks in the pollen/gram record suggests repeated wind events, which caused considerable pollen transport. Wind could also stimulate the input of hinterland-derived detritic particles as indicated by the strongly rising carbonate equivalent and rather stable, elevated levels of gamma radiation.

### 5.6.4. Zone IV (samples 1467--1414) {#s0140}

Based on the pollen record this zone is subdivided into two sub-zones at the boundary of samples 1432/1433. This border coincides with a low in the pollen/gram ratio and is marked by a change from a higher amount of incoming wetland vegetation to hinterland and altitudinal elements. Although all these rise again towards the end of the second subzone, especially *Abies*, *Fagus*, *Pterocarya*, *Celtis* and also *Pinus* have negative peaks around sample 1433. A comparable separation of the zone is indicated by the TOC/TS record, which increases slightly above the subzone-boundary. Moreover, the last phase of mollusc settlement occurs slightly before the boundary ([Fig. 7](#f0035){ref-type="fig"}).

Subzone IVa starts with a considerable peak in heterotroph dinoflagellates and low amounts of the autotrophs *Spiniferites* and *Impagidinium* ([Fig. 7](#f0035){ref-type="fig"}). This is followed by a strong decline of heteroptrophs up the subzone boundary coincides with higher amounts of autotroph *Pyxidinopsis*, indicating lowered salinities and a switch to more oligotrophic conditions. Simultaneously, the ostracod assemblages experienced a recovery phase, interrupted by repeated population collapses of less than 5 decades duration. The longer episodes of bottom water oxygenation (c. samples 1450--1440) might also account for the increasing sulfur recycling and very low TOC values ([Fig. 7](#f0035){ref-type="fig"}).

The bottom water oxygenation during subzone IVa might have caused some taphonomic bias within the palynomorphs because the dinoflagellate/gram and the pollen/gram values are both very low. Below the sediment surface, dysoxic conditions prevailed, leading to constant high magnetic susceptibility values. A complete breakdown of the ostracod populations close to this subzone\'s boundary, due to low oxygen conditions, again correlates with higher values of sulfur.

Within subzone IVb the heterotrophs take over again ([Fig. 7](#f0035){ref-type="fig"}) and *Pyxidinopsis* declines slightly; ostracods recover on a low level, and TOC and GR increase. The strongest change is indicated by the TOC/TS ratio, which switches to very high values that persist into the subsequent zone V; this suggests a general shift in water chemistry towards less brackish conditions during the last 150 years of zone IV ([@bb0305; @bb0350; @bb0440]).

### 5.6.5. Zone V (samples 1413--1391) {#s0145}

The uppermost zone is short but appears to consist of two differing parts. The lower part, representing \~ 100 years, is characterized by a considerable increase in dinoflagellates/gram values but declining number of heterotrophs. Simultaneously, the pollen/gram values slightly decrease. On the lake bottom, conditions deteriorated and ostracods displayed a severe crisis with the lowest abundance of the whole sequence, which coincides with declining MS values in the initial phase of zone V. Molluscs were also unable to settle the lake bottom. Therefore, this interval might correspond to a strongly stratified lake with rather oligotrophic surface water conditions with flourishing autotrophs. The slightly increasing freshwater discharge on the lake surface fostered rising levels of the oligohaline to freshwater-related *Pyxidinopsis* ([Fig. 7](#f0035){ref-type="fig"}). The absence of noteworthy nutrient input and the lack of benthos caused relatively low amounts of organic sulfur, which is thus missing for bacteria activity ([Fig. 7](#f0035){ref-type="fig"}). Within the upper part of zone V the heterotrophs recovered and *Selenopemphix* increased strongly. On the lake bottom, ostracod populations established again and the total carbon and the carbonate content of the sediment increased. This indicates a considerable higher nutrient level at the same time along with well oxygenized bottom conditions. A high sediment and nutrient input, signalized additionally by higher GR values. These conditions might reflect the re-establishment of riverine influx at some distance away, which also accounts for the possibly delayed strong increase of hinterland forest and higher altitudinal elements along with a rise in the abundance of marsh-associated taxa such as *Nyssa* and Taxodioideae. Correspondingly, the high TOC/TS values throughout this zone support this interpretation of decreasing salinity due to increased freshwater supply ([Fig. 7](#f0035){ref-type="fig"}).

5.7. Influence of solar cycles on the paleoenvironment {#s0100}
------------------------------------------------------

### 5.7.1. Filtered records {#s0105}

As the REDFIT spectra detect two dominant frequencies ([Fig. 6](#f0030){ref-type="fig"}), the corresponding Gaussian filters were applied to the data ([Fig. 8](#f0040){ref-type="fig"}) because the direct impact of these variations is difficult to detect within the raw data. Specifically, the Gaussian bandpass filter integrated to AnalySeries program ([@bb0395]) was used to extract the dominant spectral components. The bandwidth was thereby set to cover the maximum possible area of a peak in the power spectrum. The upper frequency interval (0.12--0.13; 8.3--7.7 cm; 114.2--105.4 years) is represented in *Cathaya*, Poaceae, total sulfur and the carbonate content. The two pollen peaks at 0.12 (*Cathaya* and Poaceae) result in fully comparable filtered signals with low expressions in the lower half of the core (especially in pollen zone II, [Fig. 3](#f0015){ref-type="fig"}a) and an increasingly stable and prominent signal in the upper part. This pattern is also comparable to the filtered carbonate content, which expresses lower intensities at the same levels ([Fig. 8](#f0040){ref-type="fig"}). The fourth proxy within this frequency window is total sulfur. The filtered signal is roughly the opposite of the previously discussed pollen curves, with highest amplitudes in the pollen zones I and II. These repetitive changes of *Cathaya*, Poaceae, total sulfur and the carbonate content can therefore be linked to the upper Gleissberg cycle.

The lower frequency window with several peaks occurs between 0.16 and 0.267 (6.3--3.8 cm or 85.6--51.3 years). The dinoflagellate taxon *Impagidinium* (0.185 frequency; 5.41 cm; 74.1 years) and RBC (0.186 frequency; 5.37 cm; 73.7 years) show comparable filtered curves, starting with a low intensity in zone I, followed by a strong rise in zone II. Both again display a low amplitude interval in the transition from zone III to IV, which is longer in *Impagidinium*. At the top (mainly pollen zone V), there is another decrease within the *Impagidinium* signal, which is again only weakly reflected in the Round Brown Cysts values. The ostracods (mean value of 0.16 frequency; 6.3 cm; 85.6 years) display only vague parallels with the dinoflagellate signal. Zones I and II are characterized by moderately intense frequencies, and zone III nearly lacks any significant cycles. Above, the signal becomes prominent in zone IV and fades out thereafter.

Some resemblance is also displayed by *Fagus* (0.17 frequency; 5.8 cm; 80.6 years) with a low-amplitude phase at the transition from zone II to III and comparatively stable signals below. No parallels with these signals are expressed in the filtered GR signal (0.167 frequency; 6.0 cm; 82.0 years). It starts with insignificant cycles in zones I and II, rises strongly in zone III when all other proxies have the lowest amplitude signals, and remains prominent thereafter. The highest frequency cycles are detected in the GR record and the Protoperidinioid cysts. The gamma radiation reflects a significant signal filtered at a frequency of 0.21 (4.7 cm; 65.2 years), which remains constant overall with a less intense signal at the transition from zone I to II and in the upper part of subzone IVa. The Protoperidinioid cysts (0.267 frequency; 3.8 cm; 51.3 years), in contrast, start with low values throughout zones I and II, followed by high amplitudes in zone III. Zone IVa is characterized by moderate amplitudes followed by a high phase during zones VIb and V. Although these filtered records behave individually in most parts, their duration fits the lower Gleissberg cycle.

### 5.7.2. Environmental considerations {#s0110}

The fluctuations in the studied proxies reflect changes of the lake bottom conditions (TS, ostracods), sediment input (GR, carbonate equivalent), surface water conditions (*Impagidinium*, RBC, Protoperidinoide) and terrestrial vegetation (*Cathaya*, Poaceae, *Fagus*). Due to the rather short sequence studied, a clear interpretation of the effect of the solar cycles on each environmental aspect is difficult. The dinoflagellates *Spiniferites* and *Impagidinium* display moderate fluctuations with positive and negative peaks within slightly less than one century. These fluctuations might thus be related with the lower Gleissberg cycle. A comparable modulation is observed for the ostracod assemblages and the TS record, although their repetitive signal fits better to the upper Gleissberg cycle as expressed in the filtered records. Despite this suggestion of a possible link, the evidence is not compelling.

Nevertheless, although the data were filtered at slightly shifting frequency centers, the resulting patterns display several similarities with comparable low and high amplitude intervals and equal turning points ([Fig. 8](#f0040){ref-type="fig"}). Since all these proxies are independent from each other, representing partly different paleoenvironments, this modulation suggests a common forcing mechanism. The small-scale variations of each signal occur with a rhythm representing either the lower or the upper Gleissberg solar cycle. Therefore, a solar origin appears to be most likely. This implies that the imprint of solar forcing in the records may switch from one dominating solar cycle to another: fluvial transport is an unlikely mechanism to explain most parts of the record (except for the base and the very top; [Fig. 7](#f0035){ref-type="fig"}). Therefore, these variations in transport may be best explained by changes in the wind-derived input. Model experiments of [@bb0125] have demonstrated the solar radiance most likely controls cloud cover. As a consequence, clouds cause different patterns of rainfall and sunlight reaching the surface, leading to unequal heating and evaporation on land and water. Thus, sun activity and cloud formation determine the wind activity, especially on the continent and in particular at land/water interfaces such as seas or huge lakes like Lake Pannon ([@bb0125]).

5.8. Modulation of the Gleissberg cycles {#s0115}
----------------------------------------

Considering the additionally detected longer cyclicities by [@bb0255] at the same core ([Fig. 1](#f0005){ref-type="fig"}), the quasi-periodic 1000-year and 1500-year cycles are the most dominant. Therefore, the filtered 1000-year and 1500-year signals of the ostracod and MS record of [@bb0255] were used as target curves for the herein-described shorter records. This comparison reveals that the signal modulation of the herein-studied proxies often coincides with one of these longer periodicities ([Fig. 8](#f0040){ref-type="fig"}). Especially the *Impagidinium*, Round Brown Cysts and the GR (0.21) signals display a strong 1000-year modulation, which is further visible in the Protoperidinioid signal. Otherwise, the 1500-year periodicity behaves similarly to the *Cathaya*, Poaceae, carbonate contents and ostracod records and seems also to be present in the TS signals.

This clustering suggests a strong modulation by the 1000-year solar cycle on lake surface-inhabiting dinoflagellates and might be considered as a "lake cycle". Shifts between oligotrophic versus eutrophic conditions are the most reliable explanation for this cyclicity. Fluctuating nutrient input would also fit to the strong similarities with the GR record. *Fagus* partly shows an influence of the 1000-year cycle, but this connection is unclear.

The second group, modulated by the 1500-year cycle, suggests a forcing of the transport mechanism from the hinterland as mainly pollen and sediment input proxies are affected. Changing intensity of transport into the lake and/or lake bottom oxygenation also modifies the TS signal and the carbonate content. Both clearly constrain ostracod abundances. The 1500-year cycle might be referred to as a "land cycle".

Still, the 1500-year cycle is an "Earth-system-immanent-cycle" and not directly linked to solar forcing (see [@bb0035; @bb0015; @bb0090] and [@bb0255] for discussion). Therefore, this clear influence on Late Miocene environmental proxies suggests a much more complex interplay between solar forcing and Earth\'s climate. The changes in wind-triggered input into the lake may result in shifts in dust (detritic carbonate) and pollen transport into the lake. These shifts affect the life in the lake distinctly more than the surrounding vegetation and explain why the overall vegetation did not change significantly. Moreover, the lake surface-dwelling dinoflagellates and the lake bottom-inhabiting ostracods will react more or less in phase with any environmental change, while large parts of the terrestrial vegetation will respond with some delay (e.g. trees and other perennial plants). Despite the minor changes in cloud cover and/or wind intensity, changes of the early Tortonian climate were not intense enough to force changes in the vegetation during this very short period of roughly 2000 years.

6. Conclusion {#s0120}
=============

High-frequency environmental changes in and around paleo-Lake Pannon are documented for two millennia of Late Miocene time ([@bb0255]) based on terrestrial and aquatic (planktic) palynomorphs, benthic ostracods and molluscs, and a set of geochemical and geophysical data. These proxies allow a comparison of coeval environmental shifts in the surroundings of the lake, including its forested hinterland, with surface and bottom water conditions ([Fig. 7](#f0035){ref-type="fig"}). The overall vegetation did not significantly change during the observed interval. Similarly, the lake level remained rather stable. Nevertheless, several phases can be separated, illustrated by cluster analysis of pollen data, suggesting considerable differences in pollen transport ([Fig. 7](#f0035){ref-type="fig"}).

During the first phase (pollen zone I) of slightly more than 200 years, fluvial influx is detected by a higher input of river-associated vegetation and the occurrence of freshwater-tolerant dinoflagellates. This resulted in a high TOC/TS ratio and in well-oxygenated bottom water conditions as suggested by a large population of ostracods and molluscs. During the following \~ 500 years (pollen zone II), riverine influx ceased and pollen transport was mainly wind triggered because most of the pollen originate from hinterland forests and even mountainous areas ([Fig. 3](#f0015){ref-type="fig"}b). Surface water conditions switched from eutrophic towards more oligotrophic ones and dysoxic bottom waters developed ([Fig. 7](#f0035){ref-type="fig"}). These conditions promoted the activity of sulfur bacteria in the lake sediment, as indicated by high sulfur values, a low TOC/S ratio and the increasing magnetic susceptibility. Extraordinarily high pollen/gram sediment counts reflect several wind events which transported wind dispersed pollen into the lake. This trend is further enhanced during the following \~ 300 years (pollen zone III), but the decline of hinterland elements may indicate a change in the source area. The high input coincides with ample nutrient supply in the surface waters and blooms of heterotrophic dinoflagellates, while bottom waters remained poorly oxygenized. The conditions fluctuated strongly during the subsequent \~ 700 years (pollen zone IV). A short phase of epilimnic bottom conditions is followed by a succession of dysoxic phases. This situation was interrupted by a 150-year-long phase of well-oxygenated bottom conditions, which caused some taphonomic bias in the palynomorphs. Additionally, low amounts of dinoflagellates coincide distinctly with this oligotrophic phase. Overall, the contribution by wind transport seems to have declined and phases of high hinterland input alternate with intervals of predominant contribution from the close by wetlands. During the last phase (pollen zone V), bottom water conditions improved distinctly after a short dysoxic phase, and moderate fluvial influx was re-established.

Several of these changes occur simultaneously in many proxies and display repetitive patterns when examined with spectral analysis ([Fig. 6](#f0030){ref-type="fig"}). These appear in frequencies of 55--82 and 110--123 years, which suggest the influence of lower and upper Gleissberg cycles; this corroborates the results of [@bb0255], which were based on a much longer core interval of 6 m. Due to the shortness of the core (1.5 m = 150 data points) and the irregular duration of solar cycles, only a selection of proxies indicated solar imprints. Most likely, these observed changes were linked to wind intensity and probably direction. In reference to the pollen spectra, this might document the influence of these solar cycles on prevailing weather conditions, but not climate itself. This could be partly explained by feedback mechanisms between solar energy and cloud formation ([@bb0125]). Moreover, both frequency bands of the Gleissberg cycle are modulated by higher-order cycles such as the solar originated 1000-year cycle and the quasi-periodic Earth-system-immanent 1500-year cycle, which is apparently independent of the sun\'s activity. Especially, the long trend in windiness fits to the 1000-year modulation and might explain its prevalence in hinterland proxies in parts of the studied sequence. Therefore, our data suggest that high-resolution studies of Miocene deposits are powerful tools to detect high-frequency environmental changes in a resolution, which so far has been studied mainly in Holocene records.

The following are the supplementary related to this article.Supplementary Table 1The table contains all measured and counted data according to sample numbers. Additionally to an overview of all proxies, special sheets of all pollen and dinoflagellate cysts counts is provided.Supplementary Table 2The table shows a detailed list of plant taxa used to the Coexistence Approach climatic reconstruction. For each taxon, the nearest living relative is given; further a reason for each plants excluded from the analysis is mentioned.
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![A summary of the assumed solar cycles in the 6-m-long Hennersdorf core from [@bb0255]. (a) Combined Lomb--Scargle periodograms of MS (magnetic susceptibility; red), GR (natural gamma radiation; gray) and the total abundance of ostracods (dashed) and REDFIT spectra. (b) Filtered records based on dominant frequencies as revealed by spectral analysis (modified from [@bb0255]). Each filtered curve is labeled with the corresponding solar cycle (lower Gleissberg, upper Gleissberg, deVries, 500-year, 1000-year, Hallstatt cycle as well as the 1500-year cycle of unknown origin). The shaded area indicates the herein analyzed interval.](gr1){#f0005}

![Map showing the study area in central Europe (a) and Austria (b). The outline of the Vienna Basin is presented in inset c and the drilling site is marked by an asterisk. Inset d shows the position of inset c based on a paleographic map of Lake Pannon at \~ 10.5 Ma (modified from [@bb0335; @bb0185]).](gr2){#f0010}

![Panel (a) represents a classic pollen-diagram generated with the Tilia program ([@bb0155]) showing the most common taxa and a pollen zonation based on CONISS (this zonation is also used in b − 8). All remaining taxa are less abundant and are excluded from the graph (see [Supplementary Table 1](#ec0005){ref-type="supplementary-material"} for a total abundance list). Diagrams in b show the amount of pollen per gram sediment (absolute pollen counts), pollen diversity (number of taxa identified), angiosperms (%), forest elements (%; *Acer*, *Alnus*, *Betula*, *Carpinus*, *Carya*, *Castanea*, *Celtis*, *Engelhardia*, *Fagus*, *Ilex*, *Juglans*, *Liquidambar*, *Platycarya*, *Pterocarya*, *Quercus*, *Tilia*, *Ulmus*, *Zelkova*), grasses and herbs (%; Amaranthaceae, *Artemisia*, Asteraceae, Caryophyllaceae, Chenopodiaceae, Cyperaceae, *Ephedra*, Poaceae, *Sparganium*, *Typha*), altitudinal elements (%; *Abies*, *Picea*, *Tsuga*) and *Pinus* (%) in relation to the pollen zonation (a). Gray lines represent raw data, red lines show the 3-point mean. *Pinus* was not considered for any pollen calculation except to generate the *Pinus* curve itself.\
Panel (a) represents a classic pollen-diagram generated with the Tilia program ([@bb0155]) showing the most common taxa and a pollen zonation based on CONISS (this zonation is also used in b − 8). All remaining taxa are less abundant and are excluded from the graph (see [Supplementary Table 1](#ec0005){ref-type="supplementary-material"} for a total abundance list). Diagrams in b show the amount of pollen per gram sediment (absolute pollen counts), pollen diversity (number of taxa identified), angiosperms (%), forest elements (%; *Acer*, *Alnus*, *Betula*, *Carpinus*, *Carya*, *Castanea*, *Celtis*, *Engelhardia*, *Fagus*, *Ilex*, *Juglans*, *Liquidambar*, *Platycarya*, *Pterocarya*, *Quercus*, *Tilia*, *Ulmus*, *Zelkova*), grasses and herbs (%; Amaranthaceae, *Artemisia*, Asteraceae, Caryophyllaceae, Chenopodiaceae, Cyperaceae, *Ephedra*, Poaceae, *Sparganium*, *Typha*), altitudinal elements (%; *Abies*, *Picea*, *Tsuga*) and *Pinus* (%) in relation to the pollen zonation (a). Gray lines represent raw data, red lines show the 3-point mean. *Pinus* was not considered for any pollen calculation except to generate the *Pinus* curve itself.](gr3){#f0015}

![The six most important dinoflagellate cyst taxa (RBC = Round Brown Cysts), the total heterotrophic dinoflagellates and the number of cysts per gram sediment in relation to the pollen zonation ([Fig. 3](#f0015){ref-type="fig"}a). Gray lines represent raw data, red lines show the 3-point mean.](gr4){#f0020}

![Paleozoological (molluscs, ostracods), geophysical (MS = magnetic susceptibility, GR = natural gamma radiation) and geochemical proxies (TC = total carbon, TOC = total organic carbon, TS = total sulfur) in relation to the pollen zonation ([Fig. 3](#f0015){ref-type="fig"}a). Gray lines represent raw data, red lines show the 3-point mean.](gr5){#f0025}

![REDFIT periodograms of 11 proxies with significant peaks passing the 95% confidence interval (lower red line; upper line represents 99% CI), including the oversample/segment numbers used to reduce red noise ([@bb0470]). Abbreviations used: GR = natural gamma radiation, TS = total sulfur, RBC = Round Brown Cysts. Frequencies are converted to cm for easier comparison.](gr6){#f0030}

![Simplified overview of the major environmental changes as indicated by the various proxies and tentative interpretation of the bottom water oxygenation (ostracods, molluscs, TOC/S, TS), nutrient load (geochemistry, dinoflagellates) and freshwater input (riparian vegetation, freshwater dinoflagellates, sediment input). Changes of environmental parameters occurred on a decadal to centennial scale. Shifts in wind direction and/or intensity seem to have played a major role.](gr7){#f0035}

![Gaussian filters were applied to selected proxies, which revealed significant peaks in the REDFIT periodograms. The filtered data are superimposed over the raw data of each proxy. The frequency center used for filtering is given on top and transferred to distance and time, showing the signal\'s repetition frequency. The modulation is compared with 1000-year and 1500-year cycles of the identical core interval detected in the longer ostracod and MS records presented in [@bb0255] (see [Fig. 1](#f0005){ref-type="fig"}); Abbreviations used: GR = natural gamma radiation, TS = total sulfur, MS = magnetic susceptibility, RBC = Round Brown Cysts.](gr8){#f0040}
